Collection of urine samples in human studies involves choices regarding shipping, sample preservation, and storage that may ultimately influence future analysis. As more studies collect and archive urine samples to evaluate environmental exposures in the future, we were interested in assessing the impact of urine preservative, storage temperature, and time since collection on nonpersistent contaminants in urine samples. In spiked urine samples stored in three types of urine vacutainers (no preservative, boric acid, and chlorhexidine), we measured five groups of contaminants to assess the levels of these analytes at five time points (0, 24, 48, and 72 h, and 1 week) and at two temperatures (room temperature and 41C). The target chemicals were bisphenol A (BPA), metabolites of organophosphate (OP), carbamate, and pyrethroid insecticides, chlorinated phenols, and phthalate monoesters, and were measured using five different mass spectrometry-based methods. Three samples were analyzed at each time point, with the exception of BPA. Repeated measures analysis of variance was used to evaluate effects of storage time, temperature, and preservative. Stability was summarized with percent change in mean concentration from time 0. In general, most analytes were stable under all conditions with changes in mean concentration over time, temperature, and preservative being generally less than 20%, with the exception of the OP metabolites in the presence of boric acid. The effect of storage temperature was less important than time since collection. The precision of the laboratory measurements was high allowing us to observe small differences, which may not be important when categorizing individuals into broader exposure groups.
Introduction
Urine specimens are being collected and stored as part of standard protocols in cohort studies designed to assess exposure to nonpersistent environmental contaminants (Gunter, 1997; Landi and Caporaso, 1997) . Choices made regarding shipment and storage of samples may influence the ability to measure specific analytes in the future. To ensure the integrity of the specimens during sample shipment and processing, efforts are taken to prevent bacterial growth and to ensure timely receipt by the laboratory for long-term storage. Methods to prevent bacterial growth include shipment of samples on ice or use of preservatives. Ideally, timely sample shipment usually involves sample receipt within 24 h of collection, but due to unexpected delays in shipping, samples may not be received until a few days following sample collection. Few data are currently available to evaluate any detrimental effects that urine preservatives or delayed sample handling might have on the integrity of the biological specimens to be used for measuring environmental analytes.
To assess urine transport options as part of the Norwegian Mother and Child Cohort Study, a prospective study of 100,000 pregnant women and their children (for more information see www.fhi.no), we conducted a pilot study to evaluate the impact of different urine preservatives on levels of common environmental contaminants or their metabolites in urine. We were interested in addressing three issues related to selection of shipping container and shipping temperature: (1) Does the sample preservative influence the ability to detect a wide range of environmental contaminants in urine? (2) Does the shipping temperature influence the ability to accurately measure environmental contaminants in urine? and (3) Does the time from collection to long-term storage influence the urinary concentration of the analytes?
Materials and methods
We used pooled urine samples to evaluate the impact of sample storage and shipping conditions on environmental analytes. We measured environmental contaminants at up to five time points and three different storage temperatures using mass spectrometry-based analytical methods. Table 1 outlines the elements of our study design. For each analyte, up to 45 conditions (3 replicates Â 3 temperatures Â 5 storage times) were evaluated. Three different urine pools were created using urine obtained from several adult anonymous donors. One pool was spiked with bisphenol A (BPA); one pool was spiked with phthalate metabolites; and one pool was spiked with metabolites of nonpersistent pesticides (for the three different pesticide methods). The sample concentrations after spiking each pool are listed in Table 2 . In most instances, these concentrations are within the range of concentrations normally found in the general US population. In cases where the normal US concentration range is near or below the method limit of detection, higher concentrations were used to allow us to accurately detect differences among the preservation methods tested. Standards used for spiking were prepared according to the procedures outlined in the analytical methods (Bravo et al., 2002 Kuklenyik et al., 2003; Silva et al., 2003; Barr et al., 2004; Olsson et al., 2004) . Nine to 15 aliquots of each pool were dispensed into each of three urine storage tubes, two containing preservatives to prevent bacterial contamination.
Three types of commercially available urine vacutainers (Becton Dickinson) were evaluated: no preservative (10 ml), boric acid tube (6 ml) containing boric acid/sodium formate (lyophilized at bottom of tube; no additive volume listed), and chlorhexidine tube (8 ml) containing chlorhexidine, ethyl paraben, and sodium propionate. The preservatives prevent bacterial growth. At the beginning of the study, 6-10 ml of each pooled urine sample were aliquoted into a urine vacutainer. Urine was in the tube and in contact with the preservative throughout the duration of the experiment. Three replicate tubes were used for each time point over the course of the study. For the BPA analysis, two replicate tubes were used for each time point, because only a limited number of tubes were available.
As sample shipment can occur at a variety of temperatures (room temperature (RT), on ice, or frozen), we assessed the impact of temperature choice by storing the tubes containing the pooled urine at RT (on the bench in the lab), in the refrigerator, and in the freezer (for phthalates and BPA only). Samples were stored at these temperatures throughout the duration of the experiment.
The time between sample collection and processing by the laboratory for long-term storage can vary as a result of a number of conditions including weekend shipment of samples, weather delays, and other unforeseen circumstances. To determine which analyses were influenced by time since collection, we analyzed the concentrations of all analytes at four time points: time 0, 24, 48, and 72 h after collection. Samples for phthalates and BPA were also analyzed 1 week after collection.
We used five analytical methods routinely performed at the National Centers for Environmental Health laboratory at the Centers for Disease Control and Prevention (CDC) to measure organic contaminants in urine, including phthalate metabolites, BPA, organophosphate, carbamate and pyrethroid insecticide metabolites, chlorinated phenols, herbicide metabolites, and other pesticides ( Table 2 ). The methods for the separate contaminants employ different extraction and separation (gas chromatography or high-pressure liquid chromatography) techniques to optimize detection of the target analytes in the urine. All methods used mass-spectro- metry-based detection and isotope dilution quantification. All methods except the dialkylphosphate (DAP) metabolites of organophosphate insecticides employ a b-glucuronidase enzyme digestion to liberate the analytes of interest from their glucuronide or sulfate conjugates, though the spiked urine sample was enriched with the nonconjugated species. Specifically, phthalates were measured using the method of Blount et al. (2000) as modified by Silva et al. (2003) , using solid phase extraction (SPE) and analysis using isotope dilution high-performance liquid chromatographyatmospheric pressure chemical ionization-tandem mass spectrometry (HPLC-APCI-MS/MS). BPA was measured using the method by Kuklenyik et al. (2003) ; during the automated SPE, BPA was simultaneously extracted from the urine and converted to its pentafluorobenzyl ether on commercial styrene-divinylbenzene copolymer-based SPE cartridges. The derivatized BPA was analyzed by isotope dilution-gas chromatography/mass spectrometry. Three methods were used to measure pesticide metabolites in urine. The DAP were measured using the method by Bravo et al. (2002 Bravo et al. ( , 2004 , which used lyophilization and derivatization with 1-chloro-3-iodopropane followed by analysis using isotopedilution gas chromatography-tandem mass spectrometry (GC-MS/MS) (Bravo et al., 2002) . Phenolic compounds were measured using a modification of the method by Hill et al. (1995) , which uses SPE, a back extraction into a base, a phase-transfer catalyzed derivatization to form chloropropyl ethers of the target analytes, which are analyzed using isotope dilution-GC-MS/MS . A number of different types of pesticide metabolites, including specific metabolites of organophosphate pesticides, synthetic pyrethroids, herbicides, and DEET were measured with a multiclass method . This high throughput method uses SPE followed by analysis using isotope dilution HPLC-MS/MS. All samples were analyzed according to the standard protocols, which included a comprehensive quality assurance, and quality control program, which included the analysis of negative and positive controls alongside samples in each analytical run (Bravo et al., 2002 Kuklenyik et al., 2003; Silva et al., 2003; Barr et al., 2004; Olsson et al., 2004) . Results for samples outside the range of acceptable quality control values were not reported. Data analysis consisted of both qualitative and quantitative components. If the results for the analyte could not be determined due to difficulty in resolving the peaks, this interference was noted and thus indicated that samples from tubes with this preservative were inappropriate for that analyte. A number of statistical strategies were employed to assess preservative, time, and temperature effects on reported analyte concentration. We used repeated measures analysis of variance (ANOVA) to test for individual effects of these three parameters on each target analyte; the concentration at time 0 from the tube with no preservative was the reference value. To assess the relative impact of these conditions (time, temperature, and preservative), we also evaluated the percent change from time 0 and calculated the 95% confidence interval for the percent change, based on the 2 or 3 replicates at each time point. All data were analyzed using SAS V8.2 (Cary, NC, USA).
Results
Over 900 analyses were conducted to assess the effects of storage temperature, time, and preservative on common urinary contaminants. The reproducibility and reliability of the results were excellent. The coefficients of variation (CVs) for the analyses were low for all analyses. For phthalate metabolites, the mean CV was 6.7 (SD ¼ 4.1) for all analyses, with a range of values from 0 to 24. For BPA, the mean CV was 4.0 (SD ¼ 2.6) with a range of values from 0.4 to 9.7. For the DAP, the mean CV was 7.5 (SD ¼ 7.9) with a range of 0.3 to 51 (for dimethyl phosphate in boric acid tubes). For the phenolic metabolites, the mean CV was 3.4 (SD ¼ 3.4) with a range of 0.14 to 19; for the multiclass pesticide method, the mean CV was 3.8 (SD ¼ 4.9) with a range of 0 to 37. Urine preservation effects
Most of the analytes were relatively robust over the temperature and preservative conditions. Time was a much more important predictor of change in concentration than preservative in most cases. The exception to this was for the DAP analyses. In the presence of boric acid, results for diethyldithiophosphate (DEDTP), diethylthiophosphate (DETP), and dimethyldithiophosphate (DMDTP) could not be quantified. Chromatographic peaks could not be resolved for the DAP in the presence of boric acid, likely because of hydrolysis of one or both of the alkyl side chains. For other analytes in this method, the concentrations from one time period to the next varied more than 100% for diethylphosphate (DEP) and dimethylphosphate (DMP), primarily due to the low concentrations observed at time 0. These data indicate that boric acid is an inappropriate preservative to use if DAP are analytes of interest. Among other analytical methods, the phthalates monoisononyl phthalate and monooctyl phthalate (MOP), could not be quantified at day 7 regardless of preservative or storage temperature.
Preservative Effects
Significant preservative effects were observed for analytes in all methods for at least one temperature tested with the exception of BPA; significance was defined as Po0.05 in the repeated measures ANOVA (Table 3 ). The DAP group was the most sensitive with four of the six analytes (DMP, DEP, DETP, and DEDTP) exhibiting significant differences for chlorhexidine versus no preservative at 41C; DMP and DEDTP exhibited similar differences across preservatives when stored at RT. These effects were associated with chlorhexidine since samples stored in boric acid could not be resolved. Significant preservative effects were observed for monoethyl phthalate (MEP), monomethyl phthalate, and MOP when the urine samples were stored frozen. Only urine samples for BPA and phthalate metabolites were stored frozen, so for the pesticide groups, we are unable to assess whether preservatives influence the analysis of samples stored frozen.
Temperature Effects
The urinary concentration of BPA and the analytes in the multiclass pesticide method were not influenced by storage temperature (data not shown). Among the phthalate metabolites, only MEP stored with no preservative and MOP in the boric acid tube had significant differences with temperature. The phenolic metabolites and 2,4,5-trichlorophenoxy acetic acid were most influenced by temperature; 2,4,5-trichlorophenol; 2,4,6-trichlorophenol; 1-naphthol; and 2-napthol, as well as 2,4,5-trichlorophenoxy acetic acid had significant differences with storage temperature.
Time Effects
Most of the analytes had significant time effects when tested in ANOVA models. However, the overall magnitude of these differences was small with few analyte concentrations displaying variations greater than 20%. There was no clear pattern to the time effect; some samples showed an increase from one time to the next and then a significant decrease at the next time point. A typical example is illustrated in Figure 1 , which depicts the mean level of 3,5,6-trichloro-2-pyridinol (TCPY) in samples at RT. The effects of time since sample collection were independent of preservative effects and appeared to be greater with increasing time since collection. Tables 4-7 provide information on the percent concentration changes and 95% confidence intervals, over time at RT for all analytes examined. Results for other temperatures were similar. There Only one sample available at this time point, so no confidence interval could be calculated.
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were few instances of an increased concentration over baseline levels; monomethyl phthalate increased between 14 and 21% over time when the sample was stored with no preservative. Reduced concentrations were observed more often, although infrequent, particularly among samples stored for 72 h.
Discussion
As a screening study, this experiment was useful in identifying a shipping method that would allow for the ascertainment of pesticides, phthalates, and alkyl phenols in the future. This study suggests that under most shipping and storage conditions, levels of common urine contaminants remain relatively stable and can be measured reliably and reproducibly. For some analytes, particularly the organophosphate pesticide metabolites, storage in boric acid tubes will adversely impact the analysis for the methods employed here. Phenolic pesticides may be adversely affected if stored at RT for long periods. Time had a greater impact on concentration than storage temperature. Not only are these data useful for informing study design choices such as whether to use a preservative or to ship on ice, but also they can provide insight about whether samples that have had a longer time before processing should be included in an analysis for a particular chemical. For certain analytes (e.g., 2,4-dichlorophenoxy acetic acid, pentachlorophenol), one could feel confident about combining results from samples that were received by the laboratory at different times. Additionally, this analysis may be used to help determine whether samples collected under different preservative conditions may be appropriately combined. This screening analysis was broad in scope and not designed to be definitive for any specific analyte. A larger sample size focused on a specific analyte at a variety of concentrations would be necessary to make a definitive judgment. We used levels similar to those observed in the US population, but did not include a range of concentrations to assess the impact over a distribution. In general, the levels of phthalates in the spiked pooled urine samples although higher than general US population levels reported in the NHANES survey (2003) were plausible values. On the other hand, the levels for BPA and pesticide metabolites were close to the general population levels and similar to those expected in nonoccupationally exposed persons. By having such a wide array of analytes (n ¼ 37), we were able to assess the impact that the choice of preservative may have in allowing future analyses of additional analytes in archived samples. However, due to the large number of analytes, the number of replicates analyzed at each time period was small (n ¼ 2 or 3). Future studies should include more samples at the time zero point to increase the statistical stability of comparison. Our analysis benefited from the high degree of precision and quality assurance at the CDC laboratory. Due to the low coefficients of variation, we were able to identify very small differences in concentration, generally much smaller than the between individual variation (Loomis and Kromhout, 2004) .
Other investigators have studied the impact of long-term storage on common clinical analytes (Shih et al., 2000) and DNA (Schunemann et al., 2000) . This was outside the scope of our work. While Shih and co-workers showed that levels of total cholesterol decreased over 7 years, their work assumes that the effect of storage is constant for all samples, so that one could use all samples collected and analyzed at the same point in time without introducing bias, regardless of the time since collection. As the Norwegian Mother and Child Cohort Study progresses, we will evaluate whether it is appropriate to combine results from samples that have been retrieved from the freezer at different times since collection. Few studies to date have assessed the impact of sample collection and shipment options on potential future analyses. As long-term storage of biological specimens becomes more common, more data will be needed to assess the impact of collection and storage choices.
This screening study was useful in identifying shipping and storage conditions that would allow for analyzing a urine specimen for pesticides and their metabolites, phthalate metabolites, and BPA. Our results suggest that for most of these analytes, no refrigeration of the urine sample appears to be necessary, at least at the spiked concentrations, and that urinary levels remain stable for up to 72 h under these conditions. Furthermore, our results suggest that no preservatives are needed. In fact, if dialkylphosphates are to be measured, urine preservation with boric acid should be avoided. In summary, the results from this study suggest that under most shipping and storage conditions tested here, the urinary levels of common environmental contaminants can be measured reliably and reproducibly.
